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Response of cortical collecting ducts from remnant kidneys to arginine
vasopressin, Chronic renal failure is associated with impaired urine
concentration. Previous studies have demonstrated that cortical collect-
ing ducts (CCD) from uremic rabbits (with remnant kidneys) have an
impaired response to arginine vasopressin (AVP). To determine
whether this defect is an early, integral component of compensatory
renal growth by the remnant kidney, we studied the response of CCD
derived from rabbits one week after 75% nephrectomy, At one week,
hypertrophy and adaptation in sodium transport are fully developed,
but azotemia and interstitial fibrosis are absent. The animals with
remnant kidneys failed to respond normally to water deprivation and
dDAVP (maximum urine osmolality 738 29.1 mOsm/kg compared to
1378 207 in sham operated). However, in isolated, perfused CCD
from remnant kidneys, AVP stimulated hydraulic water permeability to
the same extent as in normal CCD or CCD from sham operated animals.
AVP-induced cAMP generation per mm tubule length was significantly
higher in the CCD from remnant kidneys (137.4 14.5 fmol/inm) than
in the control group (82.4 11.9 fmol/mm), but not different when
expressed per g protein. These studies demonstrate that one week
after reduction in renal mass there is no defect in the response of CCD
to AVP, suggesting that the mechanisms responsible for the hyposthe-
nuria after loss of renal mass are not related to any intrinsic cellular
changes that occur in CCD early during compensatory renal growth.
Following reduction in renal mass, the remaining nephrons
undergo structural growth and functional adaptations in order
to preserve fluid and electrolyte homeostasis [1, 21. The phe-
nomenon of compensatory renal growth involves both proximal
and distal sites of the nephron. Although the distal nephron is
responsible for the final regulation of the urine composition and
plays a critical role in sodium and water balance, most of the
studies of the compensatory adaptations after loss of renal mass
have focused on the proximal tubule [21. However, alterations
in the structure and function of the distal nephron are also well
documented.
Patients with loss of renal mass develop a urinary concen-
trating defect, which has been shown to be resistant to vaso-
pressin (AVP) [3]. Fine et al demonstrated that cortical collect-
ing ducts (CCD) derived from remnant kidneys of uremic
rabbits, one to three months after surgical reduction in renal
mass, exhibit a defect in the response to AVP, demonstrable
both as decreased water flux (J) and as impaired cAMP
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generation [4]. They also showed that the cAMP analogue,
8-bromo-cAMP, failed to induce a normal hydrosmotic re-
sponse in CCD from remnant kidneys. Whether these findings
were an integral part of the cellular adaptations taking place in
the kidney during compensatory renal growth, or a secondary
effect of long-standing uremia (or some associated factor) has
not been elucidated. In initiating the present studies, we hy-
pothesized that activation of intrarenal hormonal systems dur-
ing compensatory renal growth might cause the previously
reported defect in the response to AVP.
We have previously shown that structural and functional
adaptations in the CCD are fully established by one week after
loss of renal mass [5]. In these studies tubular hypertrophy and
increased sodium transport were equivalent at one and three
weeks after a 75% reduction in renal mass [5, 61. In contrast,
bicarbonate transport in the rabbit CCD was unchanged by
reduction in renal mass [6, 71. At one week after partial renal
ablation, the kidneys do not have interstitial fibrosis and the
rabbits do not exhibit azotemia [5, 61. This one week model of
the remnant kidney was utilized to characterize the response of
the CCD to AVP after compensatory renal growth.
Methods
Experimental animals
All studies were performed on CCD dissected from New
Zealand white female rabbits with either normal or remnant
kidneys; some normal animals had sham operations. For prep-
aration of the remnant kidney model (75% renal ablation), the
rabbits were anesthetized with intravenous sodium pentobar-
bital, 30 mg/kg, and intraperitoneal ketamine, 50 mg/kg. One
kidney was removed through a flank incision after ligation of the
renal pedicle, and the wound was closed. A flank incision was
made over the opposite kidney, the renal pedicle was freed from
surrounding tissue, and two of the four branches of the renal
artery were ligated with a silk suture. The kidney surface was
inspected visually to ensure that approximately one half of the
surface was infarcted, detected by color change. Then the
wound was closed. For the sham operation, the rabbits were
subjected to bilateral flank incision and manipulation of each
renal pedicle simulating the renal ablation, but leaving the
kidneys intact. The animals were maintained on an ad libitu,n
diet consisting of tap water and rabbit chow. Rabbits were
studied approximately one week (6 to 9 days) after surgery.
Blood and urine chemistries were determined by standard
methods on samples obtained at the time of sacrifice. In two
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groups, maximum urine osmolality was determined. Animals
were water deprived for 16 hours overnight and given 0.8 g
desmopressin acetate (DDAVP, Rorer) subcutaneously; urine
was collected in metabolic cages for the subsequent three
hours.
In vitro microperfusion
Isolated CCD were studied using standard microperfusion
methods [8]. Kidneys were harvested immediately after sacri-
fice and a 1 to 2 mm thick coronal slice was placed in a chilled
dissection solution. A segment of CCD was dissected free,
transferred to a temperature-controlled chamber, and perfused
between glass pipettes at 37°C. The effluent was collected under
mineral oil in the distal holding pipette and aspirated into a
constant volume pipette. The composition of the bathing and
dissection solutions was as follows (in mM): 25 NaHCO3, 5
KC1, 1MgSO4, 1.2CaCl2,5alanine, l0Naacetate,8.3glucose,
2 sodium phosphate, and sufficient NaCI to adjust the final
osmolality to 300 mOsm/kg. The composition of the perfusate
was identical, except for a lower NaCI concentration with an
osmolality of approximately 186 mosm/kg. Fetal calf serum (5
vol %) was added to the dissection medium. Before use, all
solutions were bubbled for 60 minutes with 95% 02-5% CO2 at
37°C to achieve a final pH of approximately 7.4. Extensively
dialyzed 3H-inulin was added to the perfusate as a volume
marker, and 0.2 mg/mI of FD&C dye no. 3 was used to detect
leaks or cell damage. The peritubular bathing medium was
continuously exchanged at a flow of 0.5 mI/mm. After an initial
equilibrium period of 90 minutes at 37°C, four to six collections
were made for calculation of basal J,. and hydraulic conductiv-
ity (Lv). AVP (200 pM) was then added to the bathing solution
and collections were made during the following 60 minutes.
This dose of AVP has been found to stimulate a maximal
hydrosmotic response in CCD perfused in vitro [9]. The perfu-
sion rates were kept between 12 to 28 nI/mm.
Fluid reabsorption, J,. (nI/mm mm) was calculated from the
formula:
J = (Vi — Vo)/L
where Vi is the perfusion rate, Vo is the collection rate, and L
is the length of the tubule measured directly at the end of each
experiment using the eyepiece reticle of the microscope. Vo
was calculated from Vo = Vp/t, and Vi from Vi = Vo*Co/Ci,
where Vp is the volume of the constant volumetric pipette, t is
the collection time, and Co and Ci are the radioactivities of
collected fluid and perfusate, respectively. To calculate the L
(cm/atm see) we used the following formula:
/ 1 \/ 1 '\ Vi(Ob—Oi)L = I II - I Ob(Vi — Vo) + OiViln—-———--—---\RTSJ \Ob/ ObVo - OiVi
where R is the gas constant, T is the absolute temperature, and
S is the luminal surface area of the tubule calculated from the
tubule length and internal diameter [10]. The internal diameter,
measured in a separate group of perfused tubules, was found to
be 29 2 m in CCD from remnant kidneys and 22 1 pm in
CCD from sham-operated and normal animals. Therefore 29 m
and 22 sm, respectively, were used for calculating S. Ob and Oi
are the osmolality of bath and perfusate, respectively.
Assay for cAMP generation
Cellular cAMP production was measured as previously de-
scribed by others [11—13], but without the use of collagenase.
CCD were dissected as above except that 1 mivi 3-isobutyl-l-
methylxanthine (IBMX) was added to the dissection medium to
inhibit phosphodiesterase activity. After 60 minutes, CCDs
were transferred to another dish for rinsing and then transferred
in 20 d of fresh dissection solution into a microcentrifuge tube
on ice. After incubation for five minutes at 37°C, either 200 M
AVP, 50 LM forskolin or vehicle (in 20 pi) was then added, and
the tubules were incubated for another three minutes at 37°C,
by which time maximal cAMP generation has been shown to
occur [lii. The reaction was then stopped by adding 50 1.d of
10% trichloroacetic acid. The samples were centrifuged for five
minutes. The supernatants were frozen for later cAMP deter-
mination by radioimmunoassay (RIA). For the RIA, each
sample was thawed and extracted four times with 80 l of 70%
ether. Residual ether was evaporated by placing the samples in
a boiling water bath for 10 minutes; samples were dried in a
speed vacuum concentrator. Each sample was reconstituted
with 200 d of MES (2-[N-morpholino]ethanesulfonic acid)
buffer (pH 6.2) and acetylated with 5 d of acetylating solution
(1 vol acetate anhydride:2 vol triethylamine). An additional 300
d of MES was added to samples, and 200 d of each sample
were placed in duplicate RIA tubes. One hundred microliters of
anti-cAMP antibody and 200 d of '251-succinyl-cAMP tyrosyl
methyl ester were added to each tube, followed by overnight
incubation. One hundred microliters of goat anti-rabbit globulin
and I ml of 3% polyethylene glycol were then added to each
tube, which were vortexed and then incubated at 4°C for 45
minutes and centrifuged for 20 minutes at 4°C. Supernatants
were decanted and the residual counted for '251-cAMP. The
cAMP generated was expressed as femtomoles of cAMP gen-
erated per millimeter of tubule length (fmol/mm).
Total protein determination
The Bradford protein assay, with bovine serum albumin as a
standard, was used for total protein determination in isolated
CCD [14]. Seven to 13 CCD segments (total length 12 to 26 mm)
were pooled and assayed in duplicate.
Statistics
The results are expressed as mean standard error. Statis-
tical significance was analyzed using the two-tailed Student's
t-test. Analysis of variance with Bonferroni's test was used to
compare results with more than two groups.
Results
Blood samples obtained at the time of sacrifice demonstrated
that serum creatinine and blood urea nitrogen were elevated in
the animals with remnant kidneys (1.6 0.3 and 26.3 7.3
mg/dl, respectively) compared with the sham operated controls
(0.9 0.2 and 13.9 1.9 mg/dl). Only the difference in
creatinine reached statistical significance (P <0.01). No signif-
icant differences were found in the serum concentrations of
sodium, potassium, calcium, phosphorus, or magnesium be-
tween the two groups.
Urine osmolality was measured from bladder urine at the
time of sacrifice in some animals. On ad libitum food and water,
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Fig. 1. Maximum urine osmolality in sham operated animals and
animals with remnant kidneys. See text for details. * Significantly
different from sham operated group.
there were no differences in urine osmolalities between sham
operated and remnant kidney animals (939 246 mOsm/kg,
range 534 to 1655, vs. 620 95 mOsm/kg, range 365 to 1085,
respectively). Therefore, separate groups of animals were stud-
ied to determine maximum urine osmolality (Fig. 1). After
overnight (16 hr) water deprivation and DDAVP administration,
maximum urine osmolality was significantly lower in animals
with remnant kidneys (738 29.1 mOsm/kg) compared to
animals with sham operations (1378 207 mOsm/kg; P <0.05).
Therefore, even at one week after reduction in renal mass, there
is a defect in whole kidney urine concentration.
One week after the surgery, no tubulointerstitial fibrosis was
observed in the remnant kidneys during dissection, or in
hematoxylin-eosin stained sections by light microscopy (in a
separate group of kidneys). Eleven CCD from remnant kidneys,
eight CCD from sham operated, and 12 CCD from normal
rabbits were studied using the in vitro microperfusion tech-
nique. Neither the perfusion rates, nor the tubule lengths were
significantly different between the groups studied. As shown in
Figure 2, no significant differences were found in the basal J,.
(before addition of AVP) between the remnant (—0.03 0.07
ni/mm . mm), sham (0.06 0.10 nl/mm mm), and normal
rabbits (0.16 0.08 nI/mm . mm). Similarly, the basal L values
did not differ significantly (Fig. 3A). After addition of 200 pM
AVP, J,,, and L increased in all three groups, reaching a peak 20
to 30 minutes later, To calculate the peak i,, and L, the means
of the three highest consecutive values observed during the
exposure to AVP were taken 9I. Peak v in the CCD derived
from remnant kidneys (1,88 0.15 nI/mm mm) was not
different from that in the sham operated (2.12 0.42 nl/
mm mm) and normal kidneys (1.68 0.15 nlImm mm; Fig.
2). The larger surface area (larger diameter) of the CCD from
remnant kidneys could result in some increase in i,, with no
difference in water permeability. The calculation of L, how-
ever, is based on surface area and therefore factors for the
larger diameter in the CCD from remnant kidneys. The peak L
induced by AVP in CCD from remnant kidneys (160 22.81 x
io— cm atm sec), was not significantly different from
sham operated (224.48 50.00), or normal kidneys (176.97
20.77; Fig. 3A). Although there was a trend for a slightly lower
L value in the remnant kidney group, there was no statistical
Fig. 2. Peak water flow in response to AVP. There were no statistical
differences in either the basal period () or after AVP () among the
three groups of tubules.
difference and as shown in Figure 3B, there was considerable
overlap with the other groups.
cAMP generation was measured in a separate group of
isolated nonperfused CCD. Basal cAMP generation (incubation
with vehicle) was not significantly different between the rem-
nant kidney (33.9 10.0 fmol/mm) and sham operated groups
(28.0 5.9 fmol/mm). After the addition of 200 pM AVP, the
cAMP generation in CCD from remnant kidneys increased to
137.4 14.5 fmol/mm in contrast to 82.4 11.9 fmol/mm in the
control group (Fig. 4). This difference between CCD from
remnant kidneys and control kidneys was statistically signifi-
cant (P < 0.01). When CCD were exposed to forskolin there
was a significant increase in the cAMP generation in both sham
operated (265.1 87.6 fmol/mm) and remnant kidney group
(182.3 39.4 fmol/mm, not significantly different from sham).
To assess the role of tubule hypertrophy in the greater response
to AVP by CCD from remnant kidneys (when expressed per
mm tubule length), we determined the total protein content per
mm tubule length as an index of hypertrophy in another group
of CCD from remnant and normal kidneys. Seven samples
(approximately 10 tubules each) from three remnant rabbit
kidneys and seven samples from four normal rabbits were
assayed. The protein content of remnant kidney CCD (0.16
0.03 sg/mm) was approximately 45% higher than that of normal
CCD (0.11 0.02 sg/mm, P <0.01). If the cAMP generation in
response to AVP is factored by the mean protein content, the
difference between the two groups is no longer significant (859
91 vs. 749 108 fmol/tg).
Discussion
These results demonstrate that one week after surgical reduc-
tion in renal mass, animals exhibit a defect in urine concentra-
tion. However, at this early time point, CCD derived from
remnant kidneys have a near normal response to AVP when
compared with CCD from normal or sham operated animals. In
fact, the cAMP generation stimulated by AVP (per mm tubule
length) was significantly higher in the CCD derived from
remnant kidneys. The higher cAMP generation could reflect the
larger surface area (40% higher by tubule diameters) or cell
mass (45% higher by protein content) in the remnant kidney
CCD, rather than a specific increase in the adenylate cyclase
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Fig. 3. Peak hydraulic water permeability (x IO—) in response to A VP. A. There were no statistical differences in either the basal period (El) or
after AVP (El) among the three groups of tubules. B. Hydraulic water permeability in response to AVP in individual experiments in the three groups
of tubules.
Fig. 4. cAMP generation in response to AVP. See text for details.
Symbols are: () sham operated; (El) remnant kidney. * Significantly
different from sham operated group.
activity. The AVP-induced peak L was not significantly differ-
ent between the three groups studied, The basal L, J and
cAMP generation were also similar in all groups. Therefore, the
early (one week) events associated with renal growth do not
result in an altered response to AVP in the CCD. The defect in
urine concentration may result from cellular defects at other
nephron sites or from other factors discussed below. The
findings in the CCD are in striking contrast to the findings in
later stages in more uremic animals.
Fine et al reported that CCD from remnant kidneys of uremic
rabbits showed a marked hyporesponsiveness to AVP [4]. Both
the AVP-induced water flux and cAMP generation were 50%
lower in the uremic than in the normal CCD. (Another group
has also reported preliminary results showing an impaired
cAMP response to AVP in the inner medullary collecting duct
or rat remnant kidneys at 3 weeks [15].) Two differences in the
experimental models used in the present study and that of Fine
et al, might account for the differences. First, Fine et al studied
the animals one to three months after the surgical renal abla-
tion; at that time, marked interstitial fibrosis was reported,
making the dissection very difficult [4]. Others have reported
that eight weeks after acute surgical ablation of approximately
five sixths of renal mass, rabbits develop hypercalcemia corn-
plicated by formation of calcium carbonate stones, hyperten-
sion, diffuse tubulointerstitial inflammation and fibrosis [16].
Histologic examination of these kidneys shows evidence of
obstruction of the collecting systems by concretions of gravel.
Therefore, either tubulointerstitial disease, obstruction, or hy-
percalcemia might contribute to an altered response to AVP.
Both obstruction and hypercalcemia have previously been
demonstrated to reduce the response to AVP [17, 181. A second
difference is that the animals used by Fine et al were much more
azotemic than those with our one-week model (BUN 62.5 vs.
26.3 mg/dl). In contrast to the model of Fine et al, one week
after reduction in renal mass the kidneys have not developed
interstitial fibrosis, and the animals are able to maintain normal
serum electrolytes, including serum calcium. However, the
one-week time point is sufficient for hypertrophy and adapta-
tion of transport to develop; previous studies from our labora-
tory have shown that the CCD of remnant kidneys already
exhibit fully developed hypertrophy and adaptation in sodium
transport at one week [5].
Previous clearance studies have demonstrated a reduction in
maximum urinary concentrating ability in uremic animals or
animals with severe renal damage [2, 31. In addition to the
cellular defects suggested by Fine et al [4], other investigators
have attributed these defects to tubulointerstitial disease (with
distortion of the renal medulla and its blood flow), to increased
solute load per nephron, to altered urea recycling, or to
increased collecting duct prostaglandin production [2, 31. Ex-
perimental models with diffuse renal disease affecting all neph-
rons are probably inappropriate to evaluate the cellular effects
of reduced renal mass or renal hypertrophy per Se. The remnant
kidney or uninephrectomy models represent more appropriate
models for this evaluation since presumably undamaged neph-
rons are present. The present studies demonstrate that maxi-
mum urine osmolality is reduced one week after 3/4 reduction in
renal mass. Micropuncture studies of rats with remnant kidneys
(14 days post-reduction in renal mass) demonstrate reduced
water reabsorption and tubule fluid osmolality in the inner
medullary collecting duct; however, these animals were not
water deprived or given AVP to stimulate water reabsorption
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[19]. Other studies, however, have demonstrated that unine-
phrectomized animals do not have a specific defect in urine
concentration [20, 211, perhaps implying that no defect in urine
concentration necessarily follows renal hypertrophy at the
whole organ level. The present studies extend this to demon-
strate that no extensive (or universal) cellular defects in re-
sponse to AVP necessarily accompany compensatory renal
hypertrophy, at least in the CCD. The defect in urine concen-
tration by the remnant kidney may result from factors indepen-
dent of hypertrophy or adaptation.
Although the mechanism(s) of compensatory hypertrophy
and adaptation are not known, numerous investigators have
searched for factors responsible for the alterations. Our current
and previous studies, however, strongly suggest that the adap-
tations in the distal nephron are selective and specific [5—7].
Previous work from our laboratory has shown that three weeks
after 75% surgical renal ablation, CCD derived from remnant
kidneys exhibit hypertrophy (25% to 35% increase in inner and
outer diameter) and increase in sodium reabsorption when
compared with sham operated controls (approximately 100%
increase) [6]. Identical hypertrophy and functional adaptations
are already present one week after reduction in renal mass [5].
In contrast, when bicarbonate transport was studied in the same
experimental model, no adaptation was observed [5, 7]. Be-
cause sodium (and water) transport is thought to be a function
of the principal cells of the CCD and bicarbonate transport a
function of the intercalated cells, these findings suggested that
the phenomenon of compensatory renal adaptation was selec-
tive for cell type. The present studies demonstrate that even in
the same cell type (principal cell), there are differences in the
functional adaptations that take place, with enhanced sodium
transport but no apparent change in water transport. Therefore
the alterations with compensatory renal growth in the CCD are
not only selective for cell type, but specific for the transport
processes within the same cell.
In summary, the finding of a normal response to AVP in CCD
one week after reduction in renal mass suggests that the
impaired water transport of CCD in chronic renal failure does
not result from the intrinsic biochemical adaptations that occur
early during compensatory hypertrophy and adaptation in
CCD, but may develop later, secondary to long standing uremia
or tubulointerstitial damage.
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